Influence of fly ash and decreasing water-powder ratio on performance of recycled aggregate concrete Investigation results of the combined effect of partial cement replacement with fly ash, and the use of recycled concrete aggregate to improve the sustainability of concrete, are presented in this paper. The compressive strength, capillary water absorption, water permeability, and chloride ion penetration, are analysed by testing nine concrete mixtures, in which the fly ash content and water to powder ratio were varied. The results show that compressive strength slightly decreases as the fly ash content increases, but that this can be compensated by reducing the water to powder ratio. Utjecaj letećeg pepela i smanjenja vodovezivnog omjera na svojstva betona s recikliranim agregatom U radu su prikazani rezultati ispitivanja zajedničkog učinka djelomične zamjene cementa s letećim pepelom i upotrebe recikliranog agregata s ciljem poboljšanja održivosti betona. Ispitivano je devet betonskih mješavina, u kojima su varirani količina letećeg pepela i vodovezivni omjer, analizirani su: tlačna čvrstoća, kapilarno upijanje, vodopropusnost i otpornost na prodor klorida. Dobiveno je da se povećanjem količine letećeg pepela neznatno smanjuje tlačna čvrstoća, ali da se smanjenjem vodovezivnog omjera to može nadomjestiti. 
Introduction
The expansion of the world's population has led to an exponential increase in the consumption of natural resources and energy, consequently leading to the increasing amounts of waste. Therefore, the construction and demolition waste recycling is a vital step towards environmental sustainability in construction industry [1] . Recycled coarse aggregate, and especially the recycled concrete aggregate (RCA), has been used for more than seventy years in civil engineering. Research results on the properties of concrete with coarse RCA have been extensively reviewed and discussed [2] [3] [4] [5] . The general conclusion is that the strength and durability properties of concrete containing RCA are worse than the comparable properties of concrete containing natural aggregate. There is a consensus in literature that durability properties decrease with an increase in the RCA replacement level, [1] . However, these properties are still sufficient for some applications in the civil engineering practice. Besides natural aggregate replacement, waste and supplementary cementing materials such as fly ash, blast furnace slag, silica fume, rice husk ash and metakaolin can also be used as partial replacement for Portland cement. These materials can improve concrete durability, reduce the risk of thermal cracking in mass concrete, and are less energy and CO 2 intensive than cement [6] [7] [8] [9] . Generally, the use of mineral additions was found to have a positive effect on the resistance to chloride ion penetration. This improvement occurred at a fairly similar rate in RAC with higher replacement levels, and in the corresponding NAC [1] . The advantages of using fly ash in recycled aggregate concrete have been more intensively investigated over the last two decades. The authors have concluded that the most important benefit is the reduced permeability to water and aggressive chemicals [7, [10] [11] [12] [13] [14] [15] [16] . For example, Kou at all [16] investigated 24 different concrete mixtures, with 0 %, 20 %, 50 % and 100 % natural aggregate replacement by RCA, with 0 %, 25 % and 35 % cement replacement by fly ash, and with two water-to-binder ratio values (0,55 and 0,45). They concluded that the resistance to chloride ion penetration decreases as the RCA content increases. However, the resistance improves by incorporating fly ash and decreasing the water to binder ratio. The objective of this research was to improve the strength and durability of concrete containing both waste materials: 100 % recycled concrete aggregate and high volume of fly ash. This goal was achieved by reducing the water to powder ratio.
Experimental research
Based on previous test results for recycled aggregate concrete (RAC) [17, 18] , the concrete in which 100 % of natural coarse aggregate was replaced by RCA and containing high volume of fly ash (FA) was selected for further research. The influence of the FA quantity and water to powder ratio on the concrete compressive strength, capillary water absorption, chloride ion penetration and depth of water penetration under pressure were investigated in this phase of the study. All properties were tested at the age of 28 days. Nine different concretes were tested in order to determine the influence of high amount of fly ash and low water-powder (w/p) ratio on the selected properties of RAC. They were divided into three groups. In the first group, no fly ash was added. In the second group, 30 % of cement was replaced with FA, while 50 % of cement was substituted with FA in the third group. The following three water-to-powder ratios were used in each group: 0.54, 0.40 and 0.30. RCA was used as coarse aggregate in all concretes. A total of 81 specimens were made for testing properties of hardened concrete.
Materials
Component materials used in this study are: Influence of fly ash and decreasing water-powder ratio on performance of recycled aggregate concrete
The aggregate and FA used in the study are shown in Figure 1 . Figure 2 . The majority of fly ash particles consist of solid spheres, while cement particles exhibit an irregular polygonal shape. Fly ash particles could fill the internal structure of the cement, because they are much finer than Portland cement particles, as shown in Figure 2 . The content of the old hardened cement paste attached to the original natural aggregate in the RCA was determined by dissolution in the 16 % hydrochloric acid. The results showed that the recycled aggregate comprises 38 % of bound mortar. All presented properties of RAC were tested according to appropriate European standards, except for resistance to crushing by compression in cylinder, which was tested in compliance with the corresponding national standard. Particle size distribution of aggregates was determined by sieve analysis ( Table 2 ). Other tested properties of aggregate are given in Table 3 . ). Fines content of RAC is negligible. Criteria for crushability by RAC compression were also fulfilled (< 30 %).
Mix design
Concrete mix proportions were determined based on the following assumptions: -Absolute volume of powder and water were around 0.3 m 3 , the absolute volume of aggregate was approximately 0.7 m 3 and they were kept constant in all mixtures.
-Maximum grain size was 16 mm.
-50 % of the total aggregate was fine river aggregate (grain size 0/4 mm) and 50 % was coarse recycled aggregate (grain size 4/8 mm and 8/16 mm). The grain-size composition of the aggregate mixture matches the Fuller's continuous curve.
-Additional amount of water was determined by water absorption of recycled aggregate.
-The amount of super-plasticizer was based on the need to achieve the required consistency.
-Air content was approximately 1-2 %.
The quantities of component materials for 1 m 3 of concrete mix were calculated based on these conditions. The designed quantities of component materials are shown in kg/m 3 in Table 4 .
Methods
The fresh concrete consistency was determined by slump test (EN 12350-2) and air content was measured by pressure method according to EN 12350-7. All specimens were compacted on the vibrating Figure 3 . Three specimens were tested for each concrete type. The capillary water absorption of investigated concretes was measured according to SRPS U.M8.300 [21] . Three cylindrical specimens 95 mm in diameter and 50 mm in thickness were used for this test. Preconditioning of specimens was conducted according to BS 1881-122 [22] . Before measuring the mass of conditioned specimens, their side surfaces were sealed with a waterproofing membrane. Then, the bottom side of the specimens was immersed in tap water up to a maximum depth of 5 millimetres. The uptake of water by capillary absorption was measured via the weight of the specimens, m(t), at the time intervals of 1, 2,15, 30 minutes, 1 h, 4 h and 25 hours from the contact with water. Two chloride permeability tests were performed in order to determine resistance to chloride penetration. The first test was the Rapid Chloride Penetration Test (RCPT), described in b Quantity of superplasticizer exceeds 3 kg/m3 and additional water quantity was taken into account in w/p ratio Table 4 . Mix proportions of RAC in kg/m 3 GRAĐEVINAR 69 (2017) 9, 811-820
Influence of fly ash and decreasing water-powder ratio on performance of recycled aggregate concrete ASTM C1202-2012 [23] , and the second test method was the Colorimetric method described in NT Build 492 [24] . The RCPT includes a conditioning and a testing phase. The RCPT test method consists of monitoring the amount of electrical current that passes through cylinders (50 mm in thickness and 95 mm in diameter) during a period of 6 hours. A potential difference of 60 V (dc) was maintained across the ends of the specimen, one of which was immersed in a 3 % sodium chloride solution, whereas the other was submerged in a 3N sodium hydroxide solution. The total charge that passed through the specimen was measured in coulombs and it indicated the resistance of the specimen to chloride ion penetration. Twenty seven specimens in total were exposed to electric field inducing the migration of chloride ions (Figure 4 ). The NT BUILD 492 test method also encompasses a conditioning and a testing phase. Three cylindrical specimens measuring 95 mm in diameter and 50 mm in thickness were used in this test for each concrete type. During the testing phase an external electrical potential was applied axially across the specimen and it forced the chloride ions to migrate from outside into the specimen. After 24 hours, the specimen was axially split and a silver nitrate solution was sprayed onto one of the freshly split sections. The chloride penetration depth was measured from the visible white silver chloride precipitation ( Figure 5 ), after which the non-steady-state migration coefficients were calculated using Equation (1). The method for determining the depth of water penetration under pressure into hardened concrete is described in SRPS EN 12390-8 [25] . The specimens used in the study were 150 mm cubes. The specimens were preconditioned for 7 days at 60 ± 5 % of relative humidity at 20 ± 2 0 C. At the age of 28 days the water under pressure of 500 kPa was applied onto the surface of hardened concrete during 72 hours ( Figure 6) . The specimen was then split and the depth of penetration of the water front was measured (Figure 7 ). 
Specimens used for testing compressive strength, capillary water absorption and chloride ion penetration were cured under water (at 20 ± 2 0 C) up to the age of 28 days, while the specimens used for testing water penetration under pressure were cured for 21 days in the same conditions.
Results and discussion

Consistency and air content of fresh concrete
Results obtained by testing consistency and air content of fresh concrete are given in Table 5 .Most of the tested concrete mixtures achieved the consistency of S2 according to SRPS EN 206-1 [26] and fulfilled the air content mix design requirements. By analysing the obtained results it was concluded that fly ash exerts no negative influence on the workability and air content.
Concrete compressive strength
Test results, w/p ratios, and effective water-binder (w/b eff ) ratios, are shown in Table 6 and Figure 8 . Effective water-binder ratios were calculated according to the k-value concept. The k-value concept, conforming to SRPS EN 206-1, permits fly ash to be taken into account by replacing the term "water/ cement ratio" with "water/(cement + k × fly ash) ratio". The amount of fly ash that may be taken into account must meet the requirement: fly ash/cement ≤ 0.33 by mass. If a greater amount of fly ash is used, the excess shall not be taken into account for the calculation of the water/(cement + k × fly ash) ratio. For concrete containing cement type CEM I, the permitted k-value is 0,4 according to EN 206-1 [26] . It can be seen from Figure 8 that there are no significant differences between the referent concrete and concrete with fly ash in the scope of the same w/p ratio. For concrete with w/p ratio of 0.543 the difference between concretes E1 and R11 was approximately 3 MPa (7 %), while the difference between concretes E1 and R21 was nearly 5 MPa (13 %). For concrete with w/p ratio of 0.4 the difference between concretes E2 and R12 was approximately 3 MPa (6 %), while the difference between concretes E2 and R22 was nearly 5 MPa (9 %). The same differences were observed for concretes with w/p ratio of 0.3. A significant increase in strength was observed due to reduced w/p ratio. For E series, differences between concretes E1 and E2, and E1 and E3, were 11 MPa (27 %) and 27 MPa (65 %), respectively. For R1 series, differences between concretes R11 and R12, and R11 and R13, were 11 MPa (29 %) and 26 MPa (68 %), respectively. For the series R2, differences between R21 and R22, and R21 and R23, were 12 MPa (33 %) and 26 MPa (72 %), respectively. The 28 day compressive strength ranged from 36.1 MPa for the 50 % FA mix and 0.54 w/p ratio (concrete R21), to 68.53 MPa for the 100 % PC mix and 0.3 w/c ratio (concrete E3).
The reduction in strength due to fly ash content can be compensated by an appropriate w/p ratio. In the best case, the strength can be increased by 23 MPa (55 %) with partial replacement of cement with 50 % fly ash and w/p reduction from 0.543 to 0.3. Consequently, a superplasticizer must be used in order to maintain the required workability. The compressive strength of concrete can also be analysed by means of the w/b,eff ratio (Table 6 ). It is obvious that the reduction of w/b,eff ratio leads to an increase in the compressive strength of concrete. The positive effect of fly ash by increasing packing density can be seen by comparing the concrete E2 with R23. The strength of concrete R23 is higher by approximately 10 MPa although they both have the same w/b eff ratio. However, despite a lower early-age strength of concrete containing some fly ash as cement replacement, many researches have shown that, due to its pozzolanic properties, fly ash actually increases the long-term strength of concrete.
Capillary water absorption
Changes in capillary water absorption (Uk) over time are shown in Figure 9 , while coefficients of capillary water absorption for tested concretes are presented in Figure 10 (related to w/p ratio) and in Figure 11 (related to w/b,eff ratio).
Figure 9. Correlation of capillary water absorption and square root of time
It was difficult to visually evaluate linear dependence of absorbed water at different time intervals. Consequently, a regression curve was pulled through and it was established that the correlation coefficient amounts to approximately 1, which proved linear behaviour of capillary water absorption. During the first hour, all tested concretes showed slow water absorption. Between the period of 1h and 4h intensive absorption was noticed and, after that, the absorption decreased in the remaining test period. It was observed that capillary absorption reduces with a decrease in the w/p or w/b,eff ratio, as shown in Figures 10  and 11 . Also, the mixtures in which the cement was partially substituted with fly ash exhibited a lower capillary water uptake. In general, larger quantities of fly ash lead to lower water absorption (Figure 11 ). However, there was a deviation in the results obtained for R12 specimens, which is caused by unexplainable circumstances. 
Chloride penetration
All concrete mixtures exhibited high RCPT values. According to [13] , the transport of ions in concrete depends on the pore structure of concrete, while the electrical conductivity of concrete or RCPT results depend on both the pore structure characteristics and the electrical conductivity of pore solution, which is determined by the composition of pore solution. Thus, it is not correct to use electrical conductivity of concrete or RCPT results to rank the chloride Table 7 . Non-steady state migration coefficient, w/p ratio and effective w/b ratio of RAC GRAĐEVINAR 69 (2017) 9, 811-820
Mirjana Malešev, Vlastimir Radonjanin, Suzana Draganić, Slobodan Šupić, Mirjana Laban permeability of concrete containing supplementary cementitious materials. In order to avoid misleading conclusions, colorimetric method was selected as an alternative test method. The migration coefficients of concrete calculated according to the chloride penetration depths ( Figure 5 ) are presented in Table  7 . The results confirmed that the migration coefficient values lie within the range of (4, Table 7 indicates that the resistance to chloride penetration increases with the addition of fly ash. It can be concluded from the results given in Table 7 that the chloride ion penetration reduces if the fly ash content increases or/and the w/p ratio decreases. However, the w/p ratio was found to appreciably affect the chloride ion migration coefficient. Figure 12 shows the relationship between the non-steady-state migration coefficient and water to powder ratio for all tested concretes, which illustrates the aforementioned conclusions. According to estimation of concrete resistance to chloride ion penetration given in [12] , the concretes with RCA (R13 and R23) could have a good resistance (2-8x10- The presented results refer to concrete samples at the age of 28 days. Therefore, it is expected that other samples, to be examined at a later time, will show greater resistance to chloride penetration [1] . 
Depth of water penetration under pressure
Test results are given in Table 8 . Each presented value is the average of three measured values.
Concrete sample E1 has the highest value of water penetration depth, while concrete sample R23 has the lowest one. The depth of water penetration for all tested concretes, as well as waterproofness criteria, are graphically presented in Figure 14 . In case of concretes containing fly ash, it can be seen that no specific correlation exists between the water to powder ratio and the water penetration depth. Influence of fly ash and decreasing water-powder ratio on performance of recycled aggregate concrete concretes with the largest porosity (w/p = 0.543 or w/b eff ≥ 0.543). In that group, the waterproofness of concrete was improved by fly ash.
Conclusion
The idea behind this research was to produce concrete with an improved environmental, energy and CO 2 impact. This was achieved by using recycled concrete aggregate and by partial cement replacement with fly ash. Besides having different amounts of cement replacement with fly ash, concrete mixtures also differed in the water-powder ratio, but all mixtures had the same type of macrostructure. The compressive strength, capillary water absorption, chloride penetration, and depth of water penetration at the age of 28 days, were investigated. Based on the results obtained during this research, the following conclusions can be made: -The compressive strength slightly decreases as the fly ash content increases. The concrete with 50 % of fly ash and with w/p = 0,543 has the compressive strength of 36MPa, which is by 13 % less than the compressive strength of the corresponding reference concrete. However, this reduction could be compensated by the use of a lower w/p or w/b,eff ratio. For example, the compressive strength of concrete with 50 % of fly ash and with w/p = 0,3 is by 50 % higher compared to that of the reference concrete with w/p = 0,543. Also, it is well known that the strength loss in the first month of hardening could change at a later period. Thus, fly ash brings subsequent increase in compressive strength as compared to the concrete without fly ash. -The capillary water absorption decreases with a decrease in the w/b,eff ratio. Also, mixtures in which cement has been partially replaced with fly ash have a lower capillary water uptake.
-The resistance to chloride ion penetration significantly depends on the w/b,eff ratio and the fly ash content. The chloride ion penetration decreases with a decrease in the w/b,eff ratio and/or with an increase in the fly ash content. Concretes with 100 % coarse RCA could exhibit acceptable and even good resistance to chloride ion penetration if high volume of fly ash is used in combination with a low water to binder ratio.
-It is difficult to make a clear correlation between the fly ash content, w/p ratio, and water penetration depth, because all concretes exhibit small water penetration depth values (10-22 mm). However, it can be seen that reduction in w/c ratio leads to improvement of waterproofness in concretes without fly ash. The positive effect of fly ash with regard to water penetration depth can be observed in concretes with the largest porosity (w/p = 0.543 or w/b eff ≥ 0.543).
This research is an attempt to create a sustainable concrete that produces environmental benefits during its production and use. The benefit of using any amount of recycled concrete aggregate would help limit the amount of industrial waste heading to landfills [14] . In this study, 100 % of natural coarse aggregate was replaced with recycled concrete aggregate. This could lead to the reduction of construction waste and demolition waste, turning such waste into a natural resource for construction industry and limiting the size of our landfills. Also, 30 % and 50 % of fly ash was used as cement replacement. As cement industry ranks among the largest sources of CO 2 emissions, replacing just a portion of cement with fly ash can be regarded as a valuable contribution to the reduction of our carbon footprint. The mixtures produced in this study, containing a large amount of fly ash, prepared with low w/p ratio and also with powerful super-plasticizers, provided high strength concretes with compressive strength values in excess of 60MPa. The use of mineral admixtures is promising in the light of their potential benefits for the durability and sustainability of reinforced concrete.
